La0.67Sr33MnO3 (LSMO) thin films under compressive strain have an orthorhombic symmetry with (110)o and (001)o in-plane orientations. (The subscript o denotes the orthorhombic symmetry.) Here, we grew LSMO on cubic (LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) substrates and observed a uniaxial contribution to the magnetic anisotropy which is related to the orthorhombic crystal structure. Since the lattice mismatch is equal in the two directions, the general understanding of anisotropy in LSMO, which relates the uniaxial anisotropy to differences in strain, cannot explain the results. These findings suggest that the oxygen octahedra rotations associated with the orthorhombic structure, possibly resulting in different Mn-O-Mn bond angles and therefore a change in magnetic coupling between the [110]o and [001]o directions, determine the anisotropy. We expect these findings to lead to a better understanding of the microscopic origin of the magnetocrystalline anisotropy in LSMO.
I. INTRODUCTION
The perovskite oxide La 1−x A x MnO 3 (A=Ca, Ba, Sr) has initiated a substantial body of research due to its colossal magnetoresistance 1,2 . Extensive theoretical studies and experimental investigations utilizing La 1−x A x MnO 3 perovskites in bulk form revealed a strong coupling between lattice distortions and magnetism, which substantially modify magnetic properties such as magnetoresistance and Curie temperature 3, 4 . La 0.67 Sr 33 MnO 3 (LSMO) has the highest Curie temperature (370K) and a 100% spin polarization 5, 6 . LSMO can be coherently grown on a range of commercially available perovskite substrates, such as e.g. NdGaO 3 (NGO) and SrTiO 3 (STO). The epitaxy stabilizes a different crystal structure which modifies the magnetic properties. Especially magnetic anisotropy is shown to be very sensitive to the LSMO crystal structure [7] [8] [9] [10] [11] [12] [13] . When anisotropic strain is applied to the LSMO the magnetocrystalline anisotropy becomes strongly uniaxial 14, 15 , which is a useful tool to tailor the magnetic properties for device applications.
In the case of isotropic tensile strain, e.g. tetragonal LSMO thin films on cubic STO (001) c substrates, the magnetocrystalline anisotropy is biaxial with easy axes aligned with the <110> pc lattice directions 9, 10 . (We use subscript c, pc, o and t for cubic, pseudocubic, orthorhombic and tetragonal crystal structures, respectively.) Next to the magnetocrystalline anisotropy a uniaxial anisotropy is present as well, which is stepedge induced 13, 16 . Here we investigate the case of isotropic compressive strain, which can be realized with LSMO thin films on the cubic (LaAlO 3 ) 0.3 -(Sr 2 AlTaO 6 ) 0.7 (LSAT) (001) c substrate. LSMO thin films under compressive strain adopt an orthorhombic crystal structure 17, 18 , which is characterized by the presence of oxygen octahedra rotations around all three pseudocubic crystal axes. As the magnetic coupling depends on the Mn-O-Mn bond angle 19, 20 , it is an interesting question whether the magnetic properties are anisotropic in the different orthorhombic directions. Note that for another case, orthorhombic LSMO grown on NGO (110) o the difference in lattice mismatch between the two inplane directions determines the anisotropy 14 , so this system is not suitable to study the effect of the orthorhombicity on the magnetic properties. For LSMO films grown on NGO (110) Here, we show that LSMO thin films can be grown coherently and untwinned on LSAT substrates and that the orthorhombicity induces anisotropic magnetic properties. Next to a biaxial component of the magnetic anisotropy, we observed a uniaxial component to the anisotropy which is aligned with the principal crystal directions and became more pronounced for increasing film thickness. We found no correlation between the uniaxial anisotropy and the stepedge direction. We obtained twinned samples, by growth on surfaces with reduced crystalline quality, for which the uniaxial anisotropy was reduced. Therefore we conclude that the uniaxial anisotropy is caused by the orthorhombic crystal structure. • C for 1 hour, The images are 5 by 5 µm and the color scale is 2 nm. The insets show a close-up of the roughness of the terraces.
II. SAMPLES AND SUBSTRATE PREPARATION
The as-received LSAT substrates were cleaned with acetone and ethanol before they were subjected to an anneal treatment. Two anneal treatments were used to obtain respectively surfaces with smooth terraces and surfaces with sub unit cell roughness on the terraces. The first treatment consisted of an annealing step at 1050
• C for 12 hour in 1 bar of O 2 gas pressure. For the second treatment both the anneal time and temperature were decreased to 1 hours and 950
• C respectively. The surfaces were characterized with atomic force microscopy (AFM). Typical results are shown in figure 1. For the substrates subjected to the first anneal treatment a step and terrace structure with 4Å (a single unit cell) step height was observed. The stepedges were not straight but meandering and 4Å deep holes are observed near the stepedges. Note that the miscut of these substrates is very small, approximately 0.02
• , giving a terrace width of more than 1 µm. Between the stepedges areas with atomically smooth morphology were observed. The substrates subjected to the second treatment show terraces with reduced crystalline quality, but still single unit cell step heights.
LSMO thin films were grown on the LSAT (001) substrates by pulsed laser deposition (PLD) from a stoichiometric target in an oxygen background pressure of 0.35 mbar with a laser fluence of 3 J/cm 2 and at a substrate temperature of 750
• C. After LSMO deposition, the films were cooled to room temperature at a rate of 10
• C/min in a 1 bar pure oxygen atmosphere. The growth settings were previously optimized and were identical to the ones used for LSMO films on other substrates 14, 21 . In this paper four samples are described, see table I. Sample U12 and U40 were grown on substrates with a smooth surface and have a thickness of 12 and 40 nm respectively. Samples T29 and T50 were grown on substrates with terraces with reduced crystalline quality and are respectively 29 and 50 nm thick. (The sample labels consist of either the letter T or U for twinned/untwinned and a number which indicates the sample thickness.) The sample thicknesses were measured with x-ray reflectivity measurements. AFM measurements (not shown) revealed surfaces of the thin film where the morphology of the substrate was still visible. The Curie temperature of the films was larger than 350 K (350 K was the measurement limit of the vibrating sample magnetometer) and did not depend on film thickness and the twinning, as discussed in the next section, of the films.
III. STRUCTURAL CHARACTERIZATION
The top panel of figure 2 shows reciprocal space maps of LSMO and LSAT around the (204) For the two thinner samples we observed the same behavior as the thicker samples with equal substrate treatment (not shown). Sample U12 was untwinned as concluded from the positions of the Bragg reflections, but here no satellites could be observed. Sample T29 was twinned with satellites in both directions in reciprocal 28 . In contrast to SRO the LSMO films have a preferred orientation with the [001] o lattice direction aligned perpendicular to the stepedges and does not grow in stepflow mode. Therefore the explanation by Maria et al. is the most likely candidate to explain the single domain growth. During cooldown orthorhombic domains nucleate at the stepedges and the stepedge strain favors octahedra buckling in one direction and the domains continue to grow across the terraces resulting in a single domain film. For the samples with a rough surface the orthorhombic domains can nucleate at defects at the substrate surface and no preferential orientation exists, resulting in twinned films.
In summary, growth on a relatively smooth surface results in untwinned LSMO films, while growth on terraces with reduced crystalline quality results in twinned LSMO films. We used the difference in magnetic properties between twinned and untwinned films to identify the contribution from the orthorhombicity as it should be reduced for the twinned samples.
IV. MAGNETIC CHARACTERIZATION
The samples were characterized with vibrating sample magnetometer (VSM, Model 10 VSM by Microsense) measurements at room temperature. The in-plane angle of the applied field was varied to determine the magnetic anisotropy. For all field angles a full magnetization loop was measured and the remanent magnetization was obtained from the loop. Figure 3a shows the magnetization loops of sample U12 with the field aligned with three high symmetry directions. In figure 3b we plotted the dependence of the remanent magnetization on the inplane field angle. The largest remanence was found for an applied field at approximately 40 degrees with respect to the [001] o in-plane lattice direction. A predominant biaxial behavior is observed with easy axes aligned with the [110] pc and symmetry related crystal directions. Next to this biaxial anisotropy a small uniaxial anisotropy is present as well which can be seen in the difference in remanent magnetization at 0 and 90 degrees and the shift of the easy axes to ±40
• . This uniaxial contribution becomes more pronounced in the thicker film (sample U40) shown in figure 3c and 3d. The remanent magnetization of sample B at 0 degrees approaches the easy axes value and the remanent magnetization at 90 degrees is much smaller, only 20 percent of the easy axes value. Due to the combination of uniaxial and biaxial anisotropy the easy axes are shifted to ±15
• . The hard axis magnetization loop does not show a switch of the magnetization, but an almost linear dependence of the magnetization on the applied field which is characteristic for a hard axis loop in a sample with a uniaxial anisotropy.
A similar thickness dependence of the anisotropy was also found for the samples T29 and T50, which are twinned. The results are plotted in figure 3e-3h. A biaxial and a uniaxial contribution are present and the uniaxial contribution is more pronounced in the thicker film. Sample T50 shows easy axes which are shifted to ±30
• and the hard axis remanence is 50 percent of the easy axis value. Comparing samples U12 and U40 with samples T29 and T50 we find that the uniaxial contribution is more pronounced in the samples U12 and U40.
V. DISCUSSION
In order to quantify the biaxial and uniaxial contribution to the anisotropy we start with a general anisotropy energy equation which contains both a biaxial and a uniaxial contribution 29 .
in which E a is the anisotropy energy, V the volume of the sample, k u (k 1 ) the uniaxial (biaxial) anisotropy constant, φ the angle of the magnetization,
• ) the angle of the easy axis of the uniaxial (biaxial) anisotropy. The easy axes are found by minimizing the energy with respect to φ. This results in:
from which the easy axes, φ easy , can be obtained. The measured remanence versus field angle dependencies are the projections of the magnetization, which at remanence is aligned with the easy axis, onto the measurement direction:
where M rem is the remanent magnetization, θ is the field angle, M 0 is the remanence in the easy direction and φ easy is the closest easy axis. Equation 3 has been used to obtain the fits in figure 3 . The measured data, and therefore the anisotropy, is well described by equation 1-3. This allows us to extract the ratio between the uniaxial and biaxial anisotropy energies k u /k 1 . The results are presented in table I. For all samples the uniaxial anisotropy energy is found to be smaller than the biaxial anisotropy energy. Between the different samples the ratio k u /k 1 changes by a factor of 10. The anisotropy field H an can be obtained from the slope dM /dH at H=0 in the hard axis magnetization loop of a material with uniaxial anisotropy by the relation
Here, M sat is the saturation magnetization, M is the magnetization and H is the applied field. The anisotropy energy is given by
in which µ 0 is the permeability of free space. We obtained a value for k u of 540±5 J/m 3 for the almost uniaxial sample U40. This would imply a biaxial anisotropy constant of 600±10 J/m 3 which corresponds well with earlier obtained results 9, 21 . Therefore one can assume that the k 1 value is the same for all films and independent of thickness. The uniaxial anisotropy constants are calculated from the k u /k 1 ratios and presented in table I as well. The uniaxial anisotropy is very weak for these samples, only in the range 50-600 J/m 3 . Next we turn to the origin of both contributions to the anisotropy. The biaxial contribution with easy axes aligned with the <110> pc lattice directions corresponds well with earlier results of magnetic anisotropy of LSMO on STO (001) c substrates 9, 10 . This represents the intrinsic magnetocrystalline anisotropy of LSMO strained to in-plane cubic symmetry. For the uniaxial contribution different explanations exist. It is well known that a weak uniaxial anisotropy in LSMO can be the result of stepedge induced anisotropy 13, 16 . However, the thickness dependence of the uniaxial anisotropy is at odds with an interpretation in terms of stepedge induced anisotropy. The stepedge induced anisotropy compared to the biaxial anisotropy should scale with the ratio of the volume of the surface layers containing the stepedges (in practice the monolayers at the interfaces) to the volume of the film. Therefore the stepedge induced anisotropy should be most pronounced for the thinnest films as the miscut of the samples was comparable. Here the opposite is observed. Also the uniaxial easy axis was not aligned with the stepedge directions in most of the samples, sometimes even 90 degrees perpendicular to the stepedges. This rules out the contribution of stepedge induced anisotropy.
The uniaxial easy axis is aligned with the [001] o lattice direction while the hard axis is aligned with the [110] o lattice direction. This, together with the reduced uniaxial anisotropy for the twinned samples, relates the observed anisotropy to the orthorhombicity of the LSMO films. It is unclear what the origin of the magnetic anisotropy in the orthorhombic crystal structure is. In general magnetic anisotropy in manganites is explained by a global strain field which relates the easy axis to the maximum strain direction 30 . This cannot be applied for these samples, as the LSMO has equal strain in the [ 31 , the oxygen octahedra rotations in the surface and interfacial regions deviate from those of the bulk of the film. The biaxial anisotropy is intrinsic to MnO 6 octahedra and not sensitive to the structural reconstructions. In a follow up work we will investigate the crystal structure, and especially the octahedra rotations, in more detail, in order to resolve the microscopic origin of the magnetocrystalline anisotropy in LSMO.
An alternative interpretation of the magnetic data is that the anisotropy is somehow related to the lattice modulations observed with the satellites in the XRD measurements. As the lattice modulations only occur in the orthorhombic [001] o direction, it is not possible to discriminate between anisotropy induced by the orthorhombic crystal structure and anisotropy induced by the lattice modulations in our experiment. Nevertheless, we expect that the lattice modulations result in microtwins which have reduced magnetic coupling at the microtwin boundaries. The shape anisotropy of each microtwin would then be aligned with the [110] o direction, contrary to the observation of a magnetic [001] o easy axis.
Although one would suspect that the uniaxial anisotropy would disappear for the twinned samples, this is not the case. We assume that this is due to the dominant presence of grains with one orientation.
VI. CONCLUSION
LSMO films with an orthorhombic crystal structure can be grown coherently and untwinned on cubic LSAT substrates. The magnetic anisotropy of the films is described by a combination of biaxial anisotropy with easy axes along the <110> pc directions and a uniaxial anisotropy with easy axis along the [001] o direction. For thicker films the uniaxial anisotropy becomes more pronounced. The uniaxial part of the anisotropy is induced by the orthorhombic symmetry of the LSMO. We expect these findings to lead to a better understanding of the microscopic origin of the magnetocrystalline anisotropy in LSMO.
This research was financially supported by the Dutch Science Foundation, by NanoNed, a nanotechnology program of the Dutch Ministry of Economic Affairs and by the NanOxide program of the European Science Foundation.
